This study aimed to assess the role of microRNAs (miRNAs) in regulating monocarboxylate transporter-1 (MCT1) expression in rat brain after permanent focal cerebral ischemia to identify a new target for early treatment of cerebral ischemia. Focal cerebral ischemia was induced by permanent middle cerebral artery occlusion (pMCAO) in rats. Morphology and protein expression levels of MCT1 were assessed by immunofluorescence and Western blotting. Using bioinformatics and double luciferase reporter assays, rno-miR-124-3p was selected as a direct target for rat MCT1. Expression of rno-miR-124-3p after pMCAO was detected. Then, rats were treated with rno-miR-124-3p agomir via lateral ventricle injection, and after 6 h or 24 h ischemia, rno-miR-124-3p expression and gene and protein expression of MCT-1 were detected by qRT-PCR and Western blotting. Brain infarction was identified by 2, 3, 5triphenyltetrazolium chloride (TTC) staining. Results showed that pMCAO induced brain infarction and increased the expression of MCT1. The levels of rno-miR-124-3p after pMCAO were in contrast to those of MCT1 protein in ischemic region, while declined after 3, 6 and 12 h of pMCAO in ischemic penumbra. After administration of rno-miR-124-3p agomir, MCT1 mRNA and protein levels were increased after 6 h of pMCAO, while decreased after 24 h of pMCAO. Meanwhile, rno-miR-124-3p levels increased after both times. TTC staining showed treatment with rno-miR-124-3p agomir reduced brain infarction. The role of rno-miR-124-3p in regulating MCT1 was as a positive regulator after 6 h of pMCAO, while a negative regulator after 24 h of pMCAO, however, both activities had protective effects against cerebral ischemia.
Introduction
Stroke, including ischemic and hemorrhagic stroke, is one of the main causes of death and permanent disability worldwide, and ischemic stroke accounts for at least 85% of all stroke cases. 1, 2 Glucose has long been considered the only substrate supporting brain energy needs. However, the astrocyte-neuron lactate shuttle (ANLS) hypothesis, proposed by Pellerin and Magistretti, marked a turning point in the understanding of neuroenergetics. 3 Since then, attention has been increasingly paid to other cerebral energy substrates, such as lactate and ketone bodies. 4, 5 Currently, lactate is considered an important, if not the main, cerebral alternative substrate to glucose. 6e8 The vast majority of stroke cases are associated with severe cerebral lactic acidosis, which is a key factor leading to permanent brain cell damage. 9 Acute stressful events such as stroke can precipitate metabolic shifts, leading to increased lactate production and the modulation of monocarboxylate transporters (MCTs) that control lactate levels. 10, 11 MCTs constitute a family of 14 transmembrane proteins encoded by the Slc16a family of genes. 12 In the brain, MCTs control the delivery of lactate produced by astrocytes to neurons, where it acts as oxidative fuel. 13 Moreover, MCT1 is the most prominent monocarboxylic acid transporter in the cerebral microvascular endothelium. 9 Thus, factors that regulate MCT1 function may be critical in controlling the extent of lactic acidosis and therefore brain damage during stroke. However, the expression and regulatory mechanisms of MCT1 in cerebral ischemia remain undefined. Thus, it is of great significance for the treatment of cerebral ischemia to understand the MCT1 expression changes during cerebral ischemia and its possible regulatory mechanisms.
MicroRNAs (miRNAs) are single-stranded, endogenously expressed noncoding RNA molecules of w22 nucleotides in length. 14 They post-transcriptionally regulate gene expression by binding to the 3 0 -untranslated region (3 0 -UTR) of target mRNAs through base-pairing and subsequently disable them or inhibit their translation. 14, 15 Multiple miR-NAs have been reported to be brain enriched or even brain specific. 16 Increasing evidence indicates significant roles of miRNAs in the response to cerebral ischemia. 2, 16 Indeed, many studies have demonstrated that more than 20% of miRNAs are altered in the ischemic brain, indicating that miRNAs might emerge as key mediators in both pathogenic and pathological aspects of ischemic stroke. 17e19 However, it is unclear whether miRNAs can regulate MCT1 and thus be involved in the treatment of cerebral ischemia.
Therefore, this study assessed the roles of miRNAs in MCT1 regulation during cerebral ischemia in rats after permanent middle cerebral artery occlusion (pMCAO). Our findings provide a new basis for the early treatment of cerebral ischemia.
Materials and methods

Animals
Healthy male Sprague-Dawley rats (200e220 g), obtained from the Animal Centre of Chongqing Medical University, were maintained with standard laboratory chow and drinking water ad libitum. The experiments began after three days of feeding adaptation. All animal experiments were performed in accordance with the approval of the Ethics Committee of Chongqing Medical University.
Model establishment
Permanent focal cerebral ischemia was induced by left middle cerebral artery occlusion using the permanent middle cerebral artery occlusion (pMCAO) method based on the thread plug technique of Zea Longa 20 with some modifications. Briefly, rats were anesthetized by intraperitoneal injection of 3.5% chloral hydrate (1 ml/100 g) and placed in the supine position on a platform. The skin was cut along the median cervical line. The left common carotid artery (CCA), external carotid artery (ECA) and internal carotid artery (ICA) were separated. The CCA and ECA were ligated in the proximal regions. The ICA was temporarily blocked with a slipknot tied with thin suture. A "V" incision was made 4 mm away from the CCA bifurcation. A fish wire (d Z 0.265 mm), marked with lines at a length of 20e22 mm, was slowly inserted into the ICA through the CCA "V" incision and pushed with ophthalmic forceps until an insertion depth from the bifurcation of approximately 18 mm. Then, the outer end of the wire was fixed, and the skin incision was closed by ligature. In the sham operation group, the CCA, ECA and ICA were isolated, but no plug was inserted, and the rest of the procedure was as described above. Neurological deficits were assessed according to the Zea Longa scale. 20 In this study, rats with scores of more than 2 were included in the experiment, unless the rat died.
2, 3, 5-triphenyltetrazolium chloride (TTC) staining
Briefly, brain tissues were rapidly removed after sacrifice and frozen at À20 C for 5 min and sliced into 5e6 uniform coronal slices. The slices were then immersed in 2% TTC (Sigma) at 37 C in a water bath for 30 min away from light and fixed with 4% phosphate-buffered formalin before imaging. Then, the slices were arranged and photographed by a camera. Image J software was used to analyze the infarct volume.
Tissue processing and immunofluorescence staining
Anesthetized rats were transcardially perfused with 0.9% saline, followed by ice-cold 4% paraformaldehyde. The brains were removed and postfixed by immersion in 4% paraformaldehyde overnight at 4 C. After postfixation, these brains were placed in 30% sucrose in PBS at 4 C until they sank to the bottom. Serial 10 mm thick coronal sections through the infarct region were cut sequentially at À20 C with a cryostat (Leica Instruments, CM1860, Germany). The sections of each group were incubated in a blocking solution at 37 C for 30 min. Subsequently, each coronal section was treated with the primary antibodies. To identify the MCT1 distribution patterns in the sham and ischemic brain sections, chicken anti-MCT1 (1:100 in PBS, #AB1286-I, Millipore, USA) and mouse anti-GFAP (glial fibrillary acidic protein; 1:200 in PBS, #3670, CST, USA) primary antibodies were applied. Then, the sections were washed three times with PBS for 10 min and incubated with appropriate secondary antibodies (1:200, FITC-conjugated donkey antichicken IgG, #D110201, Sangon Biotech; Cy3-conjugated goat anti-mouse IgG, #A0521, Beyotime, China) for 1 h at 37 C. To facilitate proper photographic orientation, sections were counterstained with the nuclear dye 4 0 6diamidino-2-phenylindole (DAPI, 1:100). The samples were analyzed under a confocal microscope (LSM510 Meta, Zeiss, Oberkochen, Germany) after mounting.
Western blotting analysis
Brain tissue (approximately 50 mg) from the ischemic region or ischemic penumbra were lysed with 400e500 ml of RIPA buffer (Beyotime, China) by sonication. After centrifugation, total protein amounts were determined in the supernatant. Equal amounts of protein were separated by 10% sodium dodecyl sulfateepolyacrylamide gel electrophoresis (SDSePAGE) and transferred onto PVDF membranes. After overnight incubation with anti-MCT1 primary antibody (1:1000, Millipore AB1286-I, USA), the samples were washed with PBS for 30 min, followed by the addition of HRP-labeled anti-chicken secondary antibodies (1:200, Sangon Biotech, China) for 1 h at 37 C. Anti-b-actin primary (1:1000, Beyotime, China) and HRP-labeled antimouse secondary (1:200, Origene, China) antibodies were used to assess b-actin as a loading control. The ECL kit (Bio-Rad, USA) was used to detect protein signals. Quantity one software was used to analyze the strip gray value of the exposure images.
Prediction and validation of miRNAs targeting MCT1
It was known that MCT1 was encoded by the Slc16a1 gene through bioinformatics software. The bioinformatics software programs TargetScanHuman and microRNA.org were used to predict miRNAs targeting the rat Slc16a1 gene. Rno-miR-124 was retrieved by both programs. TargetScanHuman demonstrated that the rno-miR-124-3p sequence complemented the 3 0 -UTR of Slc16a1. Therefore, the rno-miR-124-3p sequence was entered into the miRDB database and the Diana tool to predict target genes. It was therefore inferred that rno-miR-124-3p would likely target the Slc16a1 gene in rats. Then, rno-miR-124-3p was validated by a double luciferase labeling test. Firstly, primers were designed according to the 3 0 -UTR of the Slc16a1 (Rattus) gene. Then, the 3 0 -UTR sequence of Slc16a1 was amplified by PCR using C6 genomic DNA as the template and cloned into the pmir-rb-reportä luciferase reporter vector. The fluorescence carrier was hrluc, with hluc as a reference for fluorescence correction. To assess whether rno-miR-124-3p directly regulates Slc16a1 by targeting its 3 0 -UTR, wild-type and mutant Slc16a1 3 0 -UTR reporter genes were constructed by Guangzhou Ribo Bio Co., Ltd. After 293T cells were cotransduced with the rno-miR-124-3p mimic and the respective reporters, a Renilla luciferase vector (pRL-TK) was used to normalize the transfection efficiency. Cells were harvested 24 h after transfection and assayed with Luciferase Assay System (Promega, Madison, WI) according to the manufacturer's instructions. All assays were performed in triplicate and independently repeated more than three times.
Injection of rno-miR-124-3p agomir into the lateral ventricle of rats
Rats were randomly divided into 3 groups, the pMCAO group, the rno-miR-124-3p agomir þ pMCAO group and the rno-miR-124-3p agomir control þ pMCAO group, and two time points, 6 h and 24 h, were examined in each group. Briefly, rats were anesthetized by intraperitoneal injection of 3.5% ml/100 g chloral hydrate. Once anesthetized, rats were placed in the prone position with heads fixed in a stereotaxic instrument. Iodine was used to sterilize the scalp, followed by alcohol. The scalp was cut along the midline and 3% H 2 O 2 was used to degrease and expose the skull, according to the book "The Rat Brain in Stereotaxic Coordinates" by Paxinos and Watson. The previous fontanel was set at 0. The entry point was 0.8e1.0 mm posterior and 1.2e1.5 mm from the midline, and the needle was inserted to 4e4.5 mm under the dura. According to these coordinates, a small hole was manually drilled in the corresponding part of the skull with a 50 ml syringe needle. Then, a 5 ml microsyringe was fixed on the stereoscopic positioner and fed vertically into the needle, and 5 ml agomir or agomir control (synthesized by Guangzhou Ribo Bio Co., Ltd) was injected into the left ventricle at a concentration of 100 pmol/L, with an injection rate of 1 ml/ min. The syringe was left in place for 10 min to allow the solution to diffuse locally before removal. Then, the hole was sealed with medical bone wax, and the skin was sutured after local disinfection. Rats were resuscitated on the thermostatic operating table, and the pMCAO surgery was conducted a week later. The rats in the pMCAO groups were not injected. One week later, the rats were given pMCAO surgery and the Zea Longa scoring method was used to determine the success of model establishment. Upon successful modeling, after 6 h or 24 h of pMCAO, the rats were killed and their brains were removed for mRNA, protein detection and injury evaluation. The tissue was separated into two parts, including the left cerebral cortex containing the ischemic region and the penumbra.
RNA isolation, reverse transcription and quantitative real-time PCR (qRT-PCR)
Rats were anaesthetized and perfused with saline until the liver and kidney turned white. Then, the brain tissue was extracted gently. The left cerebral cortex was separated into two parts, including the ischemic region and the penumbra, according to the position of the middle cerebral artery. Total RNA (and miRNA) in brain samples was extracted with RNAiso Plus (Takara, China) according to the manufacturer's protocol. Reverse transcription of mRNA was performed using a reverse transcription kit (Takara, #RR047A), and reverse transcription of miRNA was performed using a Mirä-X miRNA First-Strand Synthesis Kit (Clontech, #638313). Then, the reverse transcription products were diluted 5-fold and stored at À80 C. QRT-PCR was performed to quantify MCT1 mRNA and rno-miR-124-3p levels according to the manufacturer's instructions for SYBR â premix Ex Taqä II (Takara, Tli RNaseH Plus, #RR820A). The levels of MCT1 mRNA and rno-miR-124-3p before/after agomir lateral ventricle administration were assessed on a CFX96ä real-time PCR detection system. The primers (Takara, China) used were Rattus MCT1 (sense 5 0 -TGCTGGCACCTTTGTCTACGA-3 0 and anti-sense 5 0 -CCAGGA-GACAGGACAACATTC-3 0 ), and rno-miR-124-3p: TAAGG-CACGCGGTGAATGCC. Both reverse transcription and qRT-PCR were performed in 3 separate triplicate experiments. The relative expression levels of rno-miR-124-3p and MCT1 mRNA were normalized to those of the internal control U6 and b-actin using a 2 ÀDDCt cycle threshold method.
Statistical analysis
All data were analyzed with SPSS 19.0 software (Chicago, IL, USA). All data are presented as the means AE SD and were tested for normality. Differences between individual groups were initially compared using one-way ANOVA. Then, data were analyzed with the LSD multiple-comparison post hoc test. Student's t-test was used to analyze the difference between two groups. All of the reported p-values were twosided and p < 0.05 was considered statistically significant. The figures were generated with the GraphPad Prism 5.0 software.
Results
MCT1 expression was increased after pMCAO
MCT1 was expressed on microvessels and ependymocytes ( Fig. 1A and B ) in both sham and experimental rat brains. Compared with the sham group, MCT1 expression was increased both in cortext and ependymocytes, up to 6 h after ischemia. The results of the double immunofluorescence of MCT1 and GFAP, a marker of astrocytes, showed that MCT1 was only coexpressed at the foot of the astrocytes, close to the microvessels.
Slc16a1 is a target gene of rno-miR-124-3p
TargetScanHuman showed that the 3 0 -UTR of Slc16a1 contained the binding site of rno-miR-124-3p. Double luciferase reporter gene experiments validated that 293T cells transfected with rno-miR-124-3p mimic exhibited luciferase activity reduced by nearly 30% when the wildtype Slc16a1 carrier was used compared with the Slc16a1-WT þ NC group. As expected, the luciferase activity of the mutant Slc16a1 carrier showed no significant change when co-expressed with rno-miR-124-3p (Fig. 2) . These results demonstrated that Slc16a1 was targeted by rno-miR-124-3p.
Expression levels of MCT1 protein and rno-miR-124-3p after pMCAO
Western blotting analysis showed that the MCT1 protein level gradually increased with the extension of ischemic time to 24 h after pMCAO both in the ischemic region and penumbra; in particular, it appeared to sharply increase at 1 h of pMCAO ( Fig. 3 A1, A2, B1, B2 ). QRT-PCR analysis showed that the expression of rno-miR-124-3p after pMCAO was in contrast to the expression of MCT1 in the ischemic region, while declined after 3 h, 6 h and 12 h of pMCAO in ischemic penumbra ( Fig. 3 A3, B3 ).
Administration of rno-miR-124-3p agomir changed MCT1 expression
In the ischemic region, the MCT1 levels in the agomir group increased after 6 h of pMCAO, while slightly decreased after 24 h of pMCAO ( Fig. 4 A1, A3 ). The tendency of MCT1 protein expression changes in the ischemic penumbra was in accordance with that in the ischemic region both after 6 h and 24 h of pMCAO ( Fig. 4 A2, A4 ). The levels of MCT1 mRNA in agomir group were increased after 6 h of pMCAO but decreased after 24 h of pMCAO both in the ischemic region and ischemic penumbra, while the rno-miR-124-3p levels were upregulated both after 6 h and 24 h in the ischemic region and ischemic penumbra, although there were no significant changes after 6 h of pMCAO in the ischemic region ( Fig. 4 B) .
Administration of rno-miR-124-3p reduced brain infarction TTC reacts with a functioning mitochondrial electron transport chain to generate a red color in normal brain tissue that contrasts with the white color of the infarction. The brain tissue slices of the sham group appeared pink upon TTC staining. After 6 h of ischemia, TTC staining defects were clearly identified in the cortex and dorsolateral striatum. The white region was slightly reduced in the rno-miR-124-3p agomir þ pMCAO-6 h group. After 24 h of ischemia, the white regions extended to most of the middle cerebral artery supplied territory and went more deeply. Compared with the pMCAO-24 h group, the infarct regions were significantly decreased in the rno-miR-124-3p agomir þ pMCAO-24 h group (Fig. 5 ).
Discussion
Studies have reported that MCT1 is predominantly found on endothelial cells forming cerebral blood vessels and on astrocytes. 11,21e23 In this study, similarly, MCT1 was mainly expressed on the microvessels, the foot of astrocytes facing microvessels and ependymocytes, which were all close to the blood or cerebrospinal fluid (Fig. 1) . During the acute phase of cerebral ischemia, persistent ischemia and hypoxia resulted in the accumulation of lactic acid, and the expression level of MCT1 increased over that duration of time. Some researchers have revealed that MCT1 mRNA expression is significantly increased after permanent stroke. 24 In addition, decreased activity of MCT1 in the cerebral microvasculature may be a critical determinant of acid-related cell damage during stroke, as evidenced by the fact that lactic acid is not cleared from the brain during cerebral ischemia. 9 Similarly, overexpression of MCT1 mRNA in the brain is correlated with reduced cell damage following experimental transient focal cerebral ischemia in rodents. 25 In the present study, the changes in the expression levels of MCT1 in brain tissues detected by Western blotting were increased after pMCAO (Fig. 3) . For MCT1 regulation, researchers have suggested that the intracellular pH of cerebrovascular endothelial cells could control MCT1 function. 26 Meanwhile, it was found that cAMP signaling reduces the functionality of MCT1 in cerebrovascular endothelial cells by facilitating its entry into a highly dynamic vesicular trafficking pathway that appears to lead to the transporter's trafficking to autophagosomes and lysosomes. 27 In addition, miR-124 is frequently downregulated in medulloblastoma of humans and negatively regulates Slc16al. 28 However, the regulation of MCT1 by miRNAs in cerebral ischemia has not been previously reported.
MicroRNAs are a family of important posttranscriptional regulators of gene expression that bind to mRNA targets to induce their degradation or repress translation. It had been demonstrated that miRNAs are involved in the pathophysiology of cerebrovascular disease. 2 Furthermore, almost all ischemic conditions lead to altered circulating miRNA levels. 29 Therefore, miRNAs may represent potential diagnostic and therapeutic tools in clinical practice. Considering the important role of MCT1 in mediating the transportation of lactic acid during cerebral ischemia, we asked whether miRNAs are involved in the regulation of MCT1 in cerebral ischemia. Thus, in this study, the miRNAs likely targeting MCT1 were detected by bioinformatics and . For the sham group, a1 represents the merge of the three colors at 200 times magnification. Magnifying the white square to 600 times is represented in a2, a3 and a4. Merging a2, a3 and a4 resulted in a5. The effects of pMCAO at 6 h is represented in a similar way to that of sham group. It can be seen that MCT1 was expressed in microvessels (shown with white arrows in a2 and a7) and the astrocytic foot (shown with white arrows in a5 and a10); moreover, it can be seen in a5 and a10 that many protrusions of astrocytes were located tightly around capillaries, especially in the pMCAO-6h group. (B) Confocal images showing the expression of MCT1 and GFAP in ependymocytes. The presentation is the same as A, however, the last four pictures of each group were magnified 400 times. MCT1 was highly expressed in ependymocytes, especially in the pMCAO-6h group, and the coexpression of MCT1 and GFAP was still visible. validated by a double luciferase reporter assay. The results suggested that Slc16a1 is a genuine target of rno-miR-124-3p (Fig. 2) .
MiR-124, almost exclusively expressed in the central nervous system and neuronal cells, shows 100 times higher expression there than in other organs. Studies have demonstrated that miR-124 could target a number of mRNAs, such as VSNL1, 30 Ku70, 31 Usp14, 32 Bcl-2 and Bclxl, 33 and iASPP 34 in stroke. It was reported that miR-124 acts as a biomolecule in neuroprotective therapy of cerebral ischemia. 35 The authors clearly pointed out that miR-124 has a strong protective effect on the CNS tissue and stated that such an impact was strongly visible within the first week after MCAO. Researchers demonstrated that a sufficient miR-124 concentration is crucial for its effectiveness. 35, 36 Hence, miR-124 may have multiple and complex roles in cerebral ischemia. However, whether rno-miR-124-3p could play a protective role by targeting MCT1 during cerebral ischemia in vivo remained unclear. Therefore, we synthesized rno-miR-124-3p agomir and conducted experiments in rats for further confirmation. As the efficacy of agomir could maintain more than 6 weeks (seen in the product manual for details), we performed pMCAO surgery one week after rno-miR-124-3p agomir lateral ventricle administration. The alteration in levels of rno-miR-124-3p and MCT1 mRNA together with its protein expression were examined, and the infarction area was also detected by TTC staining after pMCAO. To our surprise, after rno-miR-124-3p agomir was injected, the levels of MCT1 mRNA and its protein expression were increased in the ischemic region and penumbra. Meanwhile, the expression level of rno-miR-124-3p was slightly increased after 6 h of pMCAO. The levels of MCT1 mRNA and its protein expression were downregulated after 24 h of pMCAO, while the rno-miR-124-3p level was upregulated after 24 h of pMCAO ( Fig. 4) . According to the principle of molecular biology, the sequences of rno-miR-124-3p should combine with the 3 0 -UTR sequences of MCT1, resulting in decreased MCT1 expression. It seems that an increased expression of MCT1 in the rno-miR-124-3p agomir group after 6 h ischemia is contrary to the principle. Why did is happen? In our opinion, at the early ischemic stage in the brain, a large volume of lactic acid accumulated in the extracellular space, and then, the accumulated lactic acid might activate other signal molecules associated with MCT1 expression, which upregulated the expression level of MCT1, accelerating the transportation of lactic acid. Therefore, at 6 h after pMCAO, the level of MCT1 expression was upregulated in the rno-miR-124-3p agomir group. The results of TTC staining showed that the infarction area was reduced after both 6 h and 24 h of pMCAO in the agomir group (Fig. 5 ). As mentioned above, miR-124 acts as a biomolecule in neuroprotective therapy of cerebral ischemia and has a strong protective effect on the CNS tissue. Thus, the role of rno-miR-124-3p in regulating MCT1 expression should be taken into account when using miR-124 as a drug target for the early treatment of cerebral ischemia.
In summary, we demonstrated for the first time that MCT1 was a target of rno-miR-124-3p. Rno-miR-124-3p plays a protective role by regulating the expression of MCT1 under cerebral ischemia. In the present experiment, we found that the expression level of MCT1 after 6 h of pMCAO in the rno-miR-124-3p agomir group was higher than that in the pMCAO group, which implied that there might be other molecular mechanisms of MCT1 expression regulation under ischemic conditions in addition to miRNA mechanisms. Thus, future studies are necessary to illuminate the more regulatory mechanisms of MCT1 in early-stage cerebral ischemia. Figure 5 Representative TTC-stained brain slices showing tissue infarction, which is shown as a white region. No appreciable TTC staining defects were observed in the sham rat brains (a). After 6 h of ischemia, TTC staining defects were clearly identified in the cortex and dorsolateral striatum (b, c, d), and the white region was slightly reduced in the rno-miR-124-3p agomir þ pMCAO-6 h group (d). After 24 h of ischemia, the white regions extended to most of the middle cerebral artery supplied territory and went more deeply (e, f, g). 
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